How effectively and quickly endothelial caveolae can transcytose in vivo is unknown, yet critical for understanding their function and potential clinical utility. Here we use quantitative proteomics to identify aminopeptidase P (APP) concentrated in caveolae of lung endothelium. Electron microscopy confirms this and shows that APP antibody targets nanoparticles to caveolae. Dynamic intravital fluorescence microscopy reveals that targeted caveolae operate effectively as pumps, moving antibody within seconds from blood across endothelium into lung tissue, even against a concentration gradient. This active transcytosis requires normal caveolin-1 expression. Whole body c-scintigraphic imaging shows rapid, specific delivery into lung well beyond that achieved by standard vascular targeting. This caveolar trafficking in vivo may underscore a key physiological mechanism for selective transvascular exchange and may provide an enhanced delivery system for imaging agents, drugs, gene-therapy vectors and nanomedicines. 'In vivo proteomic imaging' as described here integrates organellar proteomics with multiple imaging techniques to identify an accessible target space that includes the transvascular pumping space of the caveola.
Caveolae are caveolin-coated, omega-shaped plasmalemmal invaginations 60-70 nm in diameter that bud from the plasma membrane in a dynamin and GTP-dependent manner 1, 2 . They are especially abundant in vascular endothelia, where they function in endocytosis and transcytosis to traffic select macromolecules and to maintain tissue homeostasis. Caveolin knockout mice exhibit poor endothelial cell barrier function with compensatory tissue disruption and edema, particularly evident in the lung 3, 4 . The study of trafficking by caveolae has been hampered by a lack of caveolae-specific probes. This is especially true for the caveolae of endothelial cells, which in cell culture exhibit phenotypic drift, including altered protein expression 5, 6 and a greater than tenfold decrease in caveolae density 7 . Studies of caveolae trafficking in many types of cultured cells have suggested that caveolae mediate endocytosis at a much slower rate than that observed for clathrin-mediated trafficking (1-2 h versus 5-10 min) [8] [9] [10] . Caveolae have even been described as static structures that do not constitutively traffic cargo [11] [12] [13] . In vivo data on caveolae trafficking are conspicuously lacking. Electron microscopy (EM) has provided static images supporting transendothelial transport [14] [15] [16] , but usually in situ with probes that are not specific for caveolae 17, 18 .
One of the major challenges in delivering imaging agents, drugs, nanoparticles or gene therapies to specific tissues of the body is overcoming endothelial and epithelial cell barriers that prevent entry into tissue compartments 17, [19] [20] [21] [22] [23] [24] . For example, the treatment of multiple genetic and acquired diseases of the lung, such as cystic fibrosis, lung cancer, pulmonary fibrosis, pulmonary hypertension and acute respiratory distress syndrome, could benefit from a means of delivering agents across the endothelial barrier to the cells deeper in the tissue 19, [25] [26] [27] . Vascular targeting is directed towards the accessible endothelial cell surface of blood vessels feeding the tissue rather than relatively inaccessible sites located on cells inside the tissue 10, 17, 18, 24, [28] [29] [30] [31] . Agents injected into the blood have direct and almost immediate exposure to the vascular endothelial cell surface, including its caveolae 14, 17, 32 . Whether proteins with sufficient tissue specificity exist at this critical blood-tissue interface is unclear 33 , however, and rapid tissue-specific targeting with high blood extraction has seldom been attained and validated in vivo 14, 24, [34] [35] [36] .
It has been hypothesized 17, 18, 29, 32 that targeting caveolae may improve specific delivery into select tissues beyond standard vascular targeting by providing a transcellular trafficking pathway that overcomes normal barriers. Here we use an in vivo proteomic mapping and imaging strategy to discover and validate targets in lung endothelial caveolae as useful for achieving tissue-specific targeting. We develop and characterize antibody probes to lung endothelial cell-surface proteins and use small-animal imaging techniques to provide a dynamic, sensitive and quantitative visualization of tissue-specific vascular targeting and transendothelial transport in vivo. © 2007 Nature Publishing Group http://www.nature.com/naturebiotechnology RESULTS Mapping aminopeptidase P to lung endothelial caveolae To identify proteins highly concentrated in caveolae of vascular endothelium, we isolated luminal endothelial cell-surface caveolae directly from rat lungs using a colloidal silica nanoparticle-coating technique 37, 38 . Using mass spectrometry and database searching to identify peptide sequences and assess cumulative mass spectral intensities for each protein, we identified aminopeptidase P (APP) as having the highest cumulative spectral signal in the caveolae, even exceeding that of the caveolae structural protein, caveolin, by greater than tenfold (see Supplementary Data online). Supplementary Figure 1 online shows several tandem mass spectrometry (MS/MS) spectra and the 450% sequence coverage for both proteins. Supplementary Table 1 online provides the peptides identified with charge status (49 and 17 unique tryptic peptides identified for APP and caveolin-1a, respectively). Similar to APP and caveolin, CD34 was also enriched more than tenfold in the isolated luminal endothelial cell plasma membranes over the lung homogenates. Yet, it was markedly depleted (tenfold or more) in the caveolae relative to these plasma membranes and had a mass spectrometric signal 0.3% of that for caveolin. As reported 39 , 497% of the isolated caveolae bound to magnetic beads conjugated to caveolin antibodies, consistent with abundant caveolin coating of caveolae and the reasonable purity of the preparation.
APP antibody specifically targets caveolae
To create specific targeting probes, we generated and screened monoclonal antibodies to APP, CD34 and other endothelial cell-surface proteins, using the isolated rat lung luminal endothelial cell plasma membranes and purified recombinant proteins (Supplementary Data). Western blot analysis demonstrated antibody specificity (Fig. 1a) and confirmed the mass spectrometric quantification (described above) by showing both APP and caveolin 420-fold enriched in the isolated caveolae versus luminal endothelial plasma membranes. Although also enriched in the endothelial plasma membranes over the lung homogenate, CD34 was 420-fold depleted in the caveolae. Two monoclonal antibodies to APP recognized different epitopes, yet gave very similar results here and in the experiments below; hence, they were designated mAPP (see Supplementary Data and Supplementary Figs. 2 and 3) . Lastly, EM showed that mAPP specifically immunolabels caveolae in vascular endothelium on ultra-thin cryosections of lung tissue (Fig. 1b) and can target colloidal gold nanoparticles to caveolae after pulmonary artery perfusion in situ (Fig. 1c) . In both cases, labeling of caveolae by control antibodies was less than 2% of that by mAPP (data not shown).
Dynamic imaging of antibody processing by endothelium in vivo
To visualize in real time and in vivo the endothelial cell targeting and processing of the antibodies, including possible transport into the lung parenchyma, we performed intravital microscopy on live animals. Nude mice were fitted with a specialized dorsal skin window chamber containing grafted donor rat lung tissue, which revascularizes after 1-2 weeks. After tail vein injection of fluorophore-conjugated antibody, this tissue was monitored continuously by fluorescence microscopy and digital imaging. Figure 2 shows the rapid accumulation of mAPP in the lung but not nearby surrounding mouse tissue (also see Supplementary Video 1 and Supplementary Video 1 Legend online). Within 20 s, green fluorescence was readily evident even at low magnification, and by 1 min was found throughout the lung tissue ( Fig. 2b-e ). Higher magnification (Fig. 2f) revealed fluorescent signal not only at the blood vessel walls but also apparently inside the tissue. The grafted tissue maintained rat blood vessels as indicated by the binding of mAPP, both of which recognize rat but not mouse APP. When we similarly tested grafted rat heart and liver tissues, we also detected fluorescent mAPP (30 mg injected) and blood cells circulating through the vessels but neither endothelial cell-surface binding nor interstitial accumulation. The specific uptake of mAPP was readily evident with much greater signal accumulation in lung (Fig. 2g) . © 2007 Nature Publishing Group http://www.nature.com/naturebiotechnology mAPP mCD34 mPodo mACE mCav1
H P V P-V H P V P-V H P V P-V H P V P-V H P V P-V H P V When we focused at higher magnification on tissue regions very rich in microvessels, especially capillaries ( Fig. 2h-o) , the level of signal accumulation was indeed rapid and exceptionally strong. Within 5 s after intravenous injection, endothelial cell-surface binding was evident, and more easily discerned in microvessels 410 mm in radius. The signal increased most rapidly throughout the capillaryrich region (circled in Fig. 2h ) compared with the blood or the perivascular space of larger vessels.
Imaging APP antibody trafficking in solitary microvessels in vivo To gain more detailed information on antibody binding and transport, we performed experiments using solitary microvessels in regions without the complication of other vessels being nearby (within 200 mm, as assessed by focusing the light microscope through the tissue). We first injected 30 mg of control monoclonal antibody to IgG (mIgG) and then 60 s later injected tenfold less mAPP (Fig. 3) . The mIgG remained in the blood vessel with no detectable leakage over 10 min (1 and 4 min shown in Fig. 3b,j, respectively) . Conversely, we detected very rapid binding of mAPP to the endothelial cell surface. It was evident as early as 4-5 s after injection (Fig. 3d) and increased in concentration to form a clear outline of the blood vessel wall over the next 5-10 s (Fig. 3e-g ). Within 5 s of first detection of binding, fluorescence signal in the tissue outside the blood vessel was evident and progressively increased as the probe accumulated in the perivascular space. By 30 s, the probe signal could be detected throughout the region of analysis as a gradient strongest near the vessel wall (Fig. 3h) . The mIgG at ten times the dose of mAPP and over much longer postinjection times still remained in the vessel and in fact showed little overlapping signal with the mAPP (Fig. 3i) . Experiments using caveolin antibody also showed neither targeting nor transport (data not shown), not surprising given the antibody's inaccessibility to the protein in the membrane (hairpin turn in lipid bilayer with N-and C termini inside cell).
Figures 3k-q show that we also detected no interstitial accumulation of antibodies to endothelial cell-surface proteins that were not concentrated in caveolae. Although the monoclonal antibody to CD34 (mCD34) bound rapidly at the lung microvessel surface, it did not cross the endothelial cell barrier, even at 3.3 and 10 times the injected dose of mAPP (Fig. 3l,o) . Again, control mIgG remained in the vessel lumen (Fig. 3n,p) and did not bind and colocalize with CD34 antibody at the vessel wall (Fig. 3q) . Extravasation of mCD34 as well as other probes (mIgG, large dextrans) was not detected even at 30 min after injection (data not shown). Thus, the observed transendothelial transport of mAPP is not due to nonspecific general leakiness of the vessels nor simply from general cell-surface binding. Rather it appears to be the specific immunotargeting of lung endothelial, APP-rich caveolae that greatly facilitates transport across the endothelial cell barrier to permit antibody penetration and concentration in the underlying tissue interstitium. This transport appears to require antibody binding specifically within caveolae.
Caveolin knockdown prevents mAPP transport Caveolae are formed through the hetero-oligomerization of caveolins; repression of caveolin-1 expression, using specific interfering RNAs or genetic knockout of the caveolin-1 gene reduces or eliminates caveolae 3, 4 . To lower the abundance of caveolae in the rat lung tissue implanted in the dorsal skin window chambers, we used lentivirally expressed short hairpin RNAs (shRNAs) against the caveolin-1 gene. The blood circulation appeared equivalent by intravital microscopy in tissue preparations receiving the lentiviral vector or control vector. After mAPP was injected intravenously, its binding to the endothelial cell surface was evident in both tissues. Rapid mAPP transendothelial transport was observed in the tissue infected with the control lentivirus but not in the tissue infected with the rat caveolin shRNA-expressing vector (Fig. 3r-w) . With effective caveolin knockdown (see Supplementary Fig. 4a online) , mAPP processing by the lung endothelium became similar to that seen with the noncaveolae-targeting mCD34 (compare Fig. 3t caveolin knockdown but not control (see Supplementary Fig. 4b ).
Thus, transendothelial transport of mAPP appeared to be caveolin and caveolae dependent.
Image processing to quantify relative transvascular transport
The probe signal emanated from the vessel wall into the tissue (see Supplementary Video 2 and Supplementary Video 2 Legend online) with the space nearest the vessel first becoming fluorescent and reaching the highest intensity ( Fig. 3d-i ). Subsequently the antibody signal was detected in deeper interstitial regions. To assess more fully this apparent progressive radial transport, we quantified the digital images on a frame-by-frame and pixel-by-pixel basis and created ensemble-averaged signal intensity profiles. Figure 4a -f shows the fluorescence signal as a function of linear distance perpendicular to the vessel wall (y-axis) over time after injection (x-axis). mAPP showed rapid binding and then progressive entry into the tissue, yielding an antibody-gradient profile that changed with time until it became constant and maximal at B30 s. This was not seen with the other antibodies. The mIgG control stayed in the vessel, and mCD34 remained concentrated at the vessel wall. Even at 10 times the mAPP dose, which created strong intravessel signals, there was little to no tissue permeation with either antibody. Because blood vessels are cylindrical structures, we also quantified the statistically averaged digital image into polar plots ( Fig. 4g-l) . This analysis shows even more clearly the movement of mAPP but not other antibodies through the cylindrical vessel wall into the tissue. The mCD34 rapidly bound to and stayed at the vessel wall, effectively concentrating at this interface. The control mIgG remained circulating inside the microvessel. Only the signal profile for mAPP shows transport across the vascular wall and perivascular accumulation. Figure 4a ,e shows that mAPP was not only bound and concentrated at the vessel wall (like mCD34) but was also actively pumped into the tissue, even against the concentration gradient. Within seconds of injection, mAPP was being actively transported by caveolae across the endothelium to the lung tissue at levels far exceeding the blood concentration. This did not occur in lung tissue after caveolin-1 knockdown, despite cell-surface binding (compare Fig. 4a ,e with f, and g,k with l). Without caveolae, mAPP processing by endothelium is similar to that of mCD34 (compare Fig. 4f with d, and i with l).
Although the signal near the central axis of the blood vessel was very small after injection of 3 mg mAPP, there was considerable signal at the vessel wall (dashed white line in Fig. 4 ) and a few mm just inside the vessel wall. The microscope picks up fluorescent signal with decreasing efficiency beyond the focal plane. Thus, the cylindrical geometry of the vessel produces signal from vessel-wall binding that becomes additive and extends into the vessel. This 'curvature effect' was readily apparent for both mAPP and mCD34 (Figs. 3 and 4) and in fact is the green fluorescence signal that shows the most overlap (yellow signal) with the mIgG red fluorescence signal at 60 s after injection (Fig. 3i,q) .
To further analyze and quantify the transport, we measured the total accumulated signal in the whole observation window versus without intravessel signal (vessel wall + perivascular space) versus perivascular tissue signal starting 5 mm beyond the vessel wall. As above, we avoided transport from other vessels by quantifying the signal only in a limited region most proximal to the vessel (B20 mm) and by using only relatively solitary microvessels with conveniently straight and cylindrical geometry. It was readily apparent that the intravessel signal and signal from the endothelial cell surface contributed to the cumulative tissue signal. However, neither represents transvascular transport. (r-w) Rat lung tissue, infected with lentivirus expressing either shRNA specific to rat caveolin-1 (r-t), or control shRNA (u-w), was implanted into the dorsal skin window chambers of athymic nude mice, which were injected intravenously with 10 mg mAPP-A488 before fluorescence imaging at 0 (s,t) and 120 s (t,w) after injection. Phase-contrast image of microvessel without other vessels nearby (r,u). Scale bar, 20 mm. Greater than 99% of the detected tissue signal for mIgG and mCD34 could be attributed to the presence of antibody in the vessel or on the vessel wall. (Fig. 5a,b) . Conversely, for mAPP, 77% of the total signal came from the perivascular space, with the remainder being vessel wall signal (including the ''curvature effect'') and very little intravessel signal (Fig. 5c) . The dominant mAPP tissue signal moved within a few seconds from the endothelial cell surface to the perivascular space (compare time gap between curves in Fig. 5c and flux curves in Fig. 5d,e) . The maximum intensity in this observation window was attained within 20-30 s. Area under the curve analysis over the first minute confirmed these findings (Fig. 5f ). The antibodies, although labeled to equivalent fluorophore intensities, accumulated differently, with mAPP showing 4100-fold more signal in the lung parenchyma even at tenfold lower injected dose (159-and 611-fold more than mCD34 and mIgG, respectively). Lastly, this advantage for mAPP was lost with lentiviral silencing of caveolin-1 gene expression (Fig. 5g,h ), which reduced transport into the tissue 5 mm beyond the vessel by 98%. Because we detected o10% decrease in circulating mAPP signal and because the concentration in the blood (B10 nM) exceeds the equilibrium binding constant for the antibody (1 nM), one would not expect the transport to become probe limited and in fact would expect a constant flux across the vessel wall to be maintained. From Figure 5d oscillate around 0 (Fig. 5e) . Both the overall flux (Fig. 5d) and the peak instantaneous flux that occurred at B13 s (Fig. 5e) were modestly influenced by the cell-surface binding, including the curvature effect. Without correction for binding and curvature effects, they would appear up to 20% greater. This analysis also shows that the true flux lagged only a few seconds behind the cell surface-binding signal. Once transcytosed, the antibody can move quickly, primarily driven convectively by normal water flow through the tissue. This antibody flux is largely lost without normal caveolin expression (Fig. 5g) . With very fast transcytotic pumping of mAPP, the different accumulation and flux curves would exhibit a short lag period and would not effectively separate. If pumping were slow or ineffective, the signal at the cell surface would become more distinct from the other curves and contribute more to the overall signal (as seen for CD34 antibody and for mAPP after caveolin knockdown).
Whole body imaging of lung targeting in vivo
To assess the specificity and rapidity of lung targeting of mAPP in live animals using an alternative technique with whole native intact lungs, we performed dynamic planar gamma-scintigraphy on rats after tail vein injection of mAPP versus mIgG. We captured 0.5 s images at 1 s intervals for 1 min after injection ( Fig. 6a ; Supplementary Video 3 and Supplementary Video 3 Legend online). During this dynamic live imaging, the two antibodies appeared virtually identical over the first 3-5 s. By 10 s, the lung silhouette was already discernable from the significant extraction of mAPP specifically in the lung. Even by 10 s, a negative image of the heart cavity was apparent (see arrowhead in Fig. 6a ). In contrast, control 125 I-mIgG (Fig. 6b) was detected much more readily throughout the animal and exhibited little to no specific organ imaging or clearing of radioactivity from the blood-engorged heart and liver. Thus, this whole body imaging independently confirmed the intravital fluorescence microscopy studies. Both approaches detected very rapid and specific lung tissue uptake of caveolae-targeted mAPP within the first minute after injection. To investigate whether caveolae targeting enhances tissue-specific delivery compared with vascular targeting, we intravenously injected several monoclonal antibodies specific for proteins expressed on the lung endothelial cell surface but not in caveolae (all antibodies 125 I-labeled to 10 mCi/mg; see Supplementary Data and Supplementary Fig. 3 online for antibody characterization and expression profiling). These antibodies showed lung delivery of radionuclide with varying specificity and rapidity (Fig. 6c-m) . mAPP produced the highest-intensity lung image, which remained strong after 16 h (Fig. 6c ) and even after 48 h (Fig. 6m) . The liver sometimes showed a spotty signal that cleared quickly. This was probably due to the large blood volume in the liver and/or possible Fc-receptor binding 40 .
Consistent with the tissue immunostaining pattern (Supplementary Fig. 3 ), mCD34 also specifically targeted the lung to produce a clear lung image within 10 min that reached peak intensity at 1 h (Bfourfold less than mAPP) but then quickly dissipated (Fig. 6d) . Again, minor liver signal was detected at early time points and was weaker than that of control IgG (Fig. 6h) . Unlike mAPP and mCD34, which showed no heart targeting (see arrow Fig. 6c,d) , the ACE antibody signal was distributed throughout the thoracic cavity, consistent with ACE expression in both lung and heart luminal endothelial cell membranes ( Supplementary Fig. 3 ). This signal intensity reached a maximum intensity at 1 h before diminishing significantly by 16 h (Fig. 6e) . Lung uptake of podocalyxin and PECAM antibody was substantial but less (7-fold and 20-fold, respectively) than that observed for mAPP. These two antibodies also targeted other organs, including kidney (Fig. 6f) and liver (Fig. 6g) lung and liver 35 . Control nontargeting IgGs distributed diffusely throughout the animal, especially in high-blood volume regions of the chest (heart and lung) and abdomen (liver and spleen) (Fig. 6h) . Lastly, the lung targeting of 125 I-mAPP appeared to depend on specific binding because the lung uptake was inhibited by excess unlabeled mAPP but not control mIgG (Fig. 6i) . Figure 6 Dynamic and planar g-scintigraphic live imaging of rapid lung immunotargeting in vivo. Rats were injected through the tail vein with 125 I-labeled antibodies (10 mg at 10 mCi/mg unless otherwise stated). (a,b) Rats were imaged at 1 s intervals for 1 min immediately after injection with 125 I-mAPP (a) or 125 I-mIgG (b) (20 mg, 10 mCi/mg) as indicated. Representative static frames captured at the indicated times show rapid specific accumulation of mAPP within the rat lung. Arrowheads denote heart-shaped cavity rendered apparent by lack of signal in blood-engorged heart and strong signal in lung. Dotted yellow circle shows heart position with significant signal from control IgG circulating through blood-engorged heart. Photo, right panel, shows orientation of the rat during imaging. The number in the bottom right corner of each image indicates dynamic intensity scale range of the given image starting at 0 to 100% as per color scale shown next to (j). For a setting of 500, a yellow/white signal indicative of 100% will be fivefold greater than the same color achieved at a setting of 100. deiodination known to occur in blood 41 and a lack of accumulation and protection inside the lung tissue. Extended imaging of the distribution of mAPP from 5 min to 48 h after injection revealed a thyroid signal at 48 h but still a clear and strong lung image (Fig. 6m) . High-resolution pinhole single photon-emission computed tomography (SPECT) imaging provided an even clearer three-dimensional visualization of this lung-specific targeting, including planar sections and rotating tomographic movies that showed the lung organ shape and heart cavity free of 125 I-mAPP signal (arrowheads in Fig. 6j . Figure 7a -c shows clear lungspecific imaging using dual modality SPECT/X-ray computed tomography (CT). Thus, mAPP rapidly (within minutes) and specifically targeted the lung to permit selective organ imaging in vivo that persisted for at least 2 d (Fig. 6m) .
We quantified by region-of-interest analysis the imaged uptake in lung (1 g wet weight) over time, which confirmed that mAPP had the highest and most sustained accumulation in the lung (average of 78% of the injected dose per gram tissue (ID/g)), whereas the lung signal intensity for monoclonal antibodies mPodocalyxin (11% ID/g), mCD34 (20% ID/g), mACE (23% ID/g) and mPECAM (4% ID/g) peaked within 1 h and decreased substantially thereafter (Fig. 6 and data not shown). Biodistribution analysis confirmed these results as well as mACE targeting of heart at 5% ID/g and quantified the mAPP lung uptake (which reached a maximum average of 77% ID/g within 30 min), the minimal uptake in other organs (o 1 %ID/g) and the remarkably rapid clearance from the blood (Fig. 6l) . All targeting indices indicated specific, rapid and significant lung delivery, including at 1 h, a mean tissue targeting index of 556 and tissue selectivity index of 39,180 as well as 446-fold more mAPP antibody in the lung than control mIgG (Supplementary Fig. 5 online) .
To visualize lung accumulation more precisely, we again used both planar g-scintigraphic and dual modality SPECT/X-ray CT imaging but this time with 99m Tc-labeled mAPP. Dynamic planar imaging of rats immediately after intravenous injection of 99m Tc-mAPP showed rapid binding of 99m Tc-mAPP in lung that was essentially identical to the results of the 125 I dynamic studies in Figure 6a (data not shown). Dual SPECT/X-ray CT imaging showed intense 99m Tc-mAPP accumulation in the lung region as a 'speckled' pattern of highest-intensity radioactive signal comingled with regions of twofold-lower intensity (Fig. 7d-f ). Higher magnification with intravascular contrast agents (Fig. 7f) showed that the speckled signal coincided with select segments of the vasculature beginning at the fifth or sixth branch point of the pulmonary artery (yellow dotted box). Immunostaining of lung tissue sections confirmed this segmental expression of APP by showing mAPP labeling only in smaller vessels starting at the fifth arterial branch point through to the microvessels, including capillaries, but not in the larger segments of the pulmonary artery (Supplementary Fig. 6 online) . This imaging corresponds nicely with our intravital microscopy studies showing the strong endothelial cellsurface binding signal that creates an outline of the blood vessels sufficiently strong to be detected even in this imaging mode.
DISCUSSION
We have used subcellular fractionation and quantitative organellar proteomics to find a protein that is highly concentrated in caveolae, monoclonal antibody technology to generate specific targeting probes, and several in vivo imaging techniques to visualize and characterize caveolae targeting. Our results show that caveolae can mediate rapid, active transcellular transport within seconds of select cargo entry, a speed that rivals or exceeds that of transcytosis or endocytosis by clathrin-coated vesicles. Neither tissue-specific vascular targeting nor transendothelial transport by caveolae has been demonstrated previously by dynamic live imaging in vivo. We used electron microscopy to confirm APP localization and mAPP targeting of caveolae of lung endothelium. Intravital microscopy provided dynamic live imaging of the antibody binding and crossing the lung vascular endothelium selectively to penetrate into the tissue within seconds to a minute after intravenous injection. Other antibodies to proteins not concentrated in caveolae bound the endothelial cell surface but did not cross the endothelial barrier. We also used gamma-scintigraphic planar imaging, SPECT and X-ray CT to evaluate lung immunotargeting at the whole-organ and body level. By comparing several new antibodies having different levels of specificity for lung endothelium, we showed that caveolae-targeting antibodies improve delivery and persist in the tissue for hours to days, whereas organ-targeting antibodies that do not bind caveolae can target effectively but only transiently. Thus, transcellular pumping by caveolae enhances delivery inside the tissue beyond standard vascular targeting.
Our 'in vivo proteomic imaging' approach-which integrates multiple imaging technologies with comparative, quantitative, organellar proteomic analysis-may assist in defining the in vivo accessible target space that is available to basic and clinical discovery efforts. A subset of this target space is the transvascular pumping space discerned from our caveolae experiments. This 'in vivo proteomic imaging' is more indirect than recent efforts to profile and image proteins directly in tissue sections by MALDI mass spectrometry 42 . Our approach identifies a large number of proteins in a small part of the tissue (subcellular fraction), whereas direct proteomic imaging interrogates more of the tissue but awaits expected technical advances to identify more and lower-abundance proteins.
Our experiments show that rapid transendothelial transport appears to depend on specific binding to APP concentrated in the lung endothelial caveolae. mAPP readily targets caveolae even when conjugated to 10-to 15-nm colloidal gold nanoparticles. As the accumulation of radiolabeled or fluorescent mAPP in the lung tissue is inhibited by excess unlabeled mAPP but not control mIgG, this process appears to be saturable and specific. Even at low intravenous doses, the APP antibody becomes more concentrated at the endothelial cell surface and inside the tissue than in the blood. This transvascular exchange against a concentration gradient indicates active transport; diffusion would drive movement in the opposite direction. The control IgG experiments, showing no transport even at tenfold greater concentrations than mAPP, exclude transport driven by FcR or other IgG receptors and rule out any diffusive or convective paracellular or other nonspecific transvascular exchange mechanism. The experiments in which mAPP and control IgG are coinjected into the animal rule out random, nonspecific leakage in the blood vessels, even when examined at higher magnification. The lack of transendothelial transport of antibodies binding the endothelial cell surface but not in caveolae rules out a process dependent on general binding to the cell surface.
The contrast between our results and previous in vitro studies that describe caveolae as immobile structures [11] [12] [13] or as mediating slow endocytosis requiring 1-2 h 8-10,43 is likely explained both by differences between in vivo and in vitro conditions and by the fact that mAPP binds caveolae directly, unlike most probes (viruses, antibodies, proteins) used previously, which enter caveolae only after extended sequestration (430 min) on the cell surface. In this study, we found that the tissue interstitium is inundated with caveolae-targeted antibody by 1 min after injection. In a recent static imaging study performed in situ using electron microscopy 14 , we observed slower transendothelial transport of caveola-targeteing TX3.833 antibody conjugated to colloidal gold particles (10-15 min). Such differences in the observed transport rate highlight the importance of using live imaging. Dynamic live imaging is far superior to other methods, including tissue staining, for estimating relative uptake levels. A proper titration curve, determining signal range and sensitivity of tissue staining, is mandatory (but almost never performed) to ascertain both the degree of specificity in targeting and the proper linear dynamic range of the assay.
Our study also shows that antibodies to lung endothelial cell-surface proteins vary considerably in their targeting capability. Antibodies to APP, which is concentrated in caveolae, accumulate in the lung much more rapidly than antibodies to proteins not concentrated in caveolae. Moreover, mAPP rapidly penetrates into the lung tissue and remains there for days, in contrast to the other antibodies. In removing 125 I-labeled mAPP from constant exposure to the circulating blood, caveolae likely prevent antibody detachment from the luminal endothelial cell surface (enhanced by the convective flow and the falling blood concentration) and antibody dehalogenation from exposure to the blood (which frees the radio-iodine to yield a thyroid signal).
Unlike most epithelia, vascular endothelium maintains a very thinly stretched cell morphology. Except for regions near the nucleus, the two sides of the endothelial cell (luminal, exposed to the blood, and abluminal, exposed to the tissue interstitium) are o150 nm apart. Thus, a single budded caveola moves only B70 nm or less to reach the other side of the cell. Caveolae in endothelium in vivo are abundant, occupying up to 60% of the cell surface membrane 44 , which far exceeds the o1% seen for endothelial and other cells growing in vitro 7 . Lastly, the presence of key budding, docking and fusion proteins in caveolae 1,2,29,45,46 may further enable rapid caveolar transcytosis observed in vivo. Apparently, unlike clathrin-coated pits, dynamin is oligomerized to coil around the invagination neck where it exists primed to hydrolyze GTP, forcing the dynamin spring to extend and 'pinch off' the caveolae from the plasma membrane 1,2 . Whether antibody binding to APP in caveolae induces signal-dependent budding of caveolae remains to be determined. Thus, it appears that both the microvascular endothelium and its caveolae are especially optimized for rapid, selective transvascular exchange.
Clinical translation of the caveolae-targeting strategy will require considerable efforts to create new retargeted therapeutics and imaging agents as well as to define which agents are amenable to delivery. It also remains to be determined whether select organs and diseases have specific caveolae targets. In the case of pulmonary disease, lung-specific agents are increasingly being pursued 25, 26, [47] [48] [49] . Compared with other antibodies to endothelial cell-surface proteins (PECAM, ACE and podocalyxin), mAPP achieves more selective and rapid targeting to the lung. Podocalyxin antibody accumulates in multiple tissues, PECAM antibodies show targeting primarily in liver and lung, and ACE antibody targets lung, heart and possibly liver. APP expression has been reported in other cell types located inside tissue, such as the renal proximal tubule epithelium ( Supplementary Fig. 3 ). But as antibodies are large macromolecules (150 kDa) that do not readily cross the blood vessel wall, renal APP is effectively inaccessible to APP antibodies injected intravenously. The ability of caveolae-targeting antibodies to penetrate into lung tissue may allow delivery of therapeutic or reporter agents to regions where they will be more effective.
Because the lung is the only organ to receive nearly all of the cardiac output, the rapidity of lung uptake observed here may represent an extreme not possible in other organs. This, along with the first pass of the intravenous agent and the very large endothelial cell-surface area in the lung, is likely to contribute to substantial lung targeting even of antibodies to endothelial cell-surface proteins expressed in © 2007 Nature Publishing Group http://www.nature.com/naturebiotechnology other organs (e.g., ACE, PECAM, podocalyxin). However, absolute tissue-restricted expression may not be required if these other contributing factors are absent in other tissues showing low-level target expression. Our comparison of multiple antibodies to endothelial cellsurface proteins expressed in lung suggests that the APP target possesses the advantages of direct accessibility, sufficient organ-specific endothelial expression and rapid caveolar transcytosis.
Caveolae appear to provide a strategic pathway worthy of targeting. They contain intravenously accessible, tissue-specific proteins that mediate active pumping into the tissue, overcoming the restrictive endothelial cell barrier. The caveolae gateway may therefore provide a selective, speedy shuttle service for imaging and therapeutic applications.
METHODS
Antibodies. Commercial mouse monoclonal antibodies recognizing caveolin-1 (clone 2234) (BD Biosciences), IgG (Southern Biotech), angiotensin-converting enzyme (Chemicon International), and PECAM (Santa Cruz Biotechnology) were purchased. Mouse monoclonal antibodies recognizing podocalyxin (G278, or mPodo), CD34 (mCD34) and APP (J310, TX3.833) were generated in house (Supplementary Data).
Animals. All animal experiments were carried out in accordance with protocols approved by the Institutional Animal Care and Use Committee (IACUC) of Sidney Kimmel Cancer Center (SKCC). Animals were housed in the SKCC animal care facility, and animals subjected to radio-iodine labeling were housed and imaged in a separate lead-protected animal facility of SKCC. SpragueDawley rats (150-250 g; Charles River Laboratories) were used unless indicated otherwise. Athymic, nude mice 8-9 weeks old were purchased from Harlan.
Animal model and surgical techniques. All surgical procedures were performed in a sterile laminar flow hood. Dorsal skin window chambers and surgical instruments were autoclaved before use. Saline used to keep tissue moist during surgical preparation was mixed with gentamicin (50 ml/ml). The dorsal skin window chamber in the mouse was prepared as described [50] [51] [52] . Briefly, female mice (25-35 g body weight) were anesthetized (7.3 mg ketamine hydrochloride and 2.3 mg xylazine/100 g body weight, i.p.) and placed on a heating pad. Two symmetrical titanium frames were implanted into a dorsal skinfold, to sandwich the extended double layer of skin. A 15 mm full thickness layer was excised. The underlying cutaneous maximus muscle and subcutaneous tissues were covered with a glass cover slip incorporated in one of the frames. Small circular Band-Aids were applied on the backside of the chamber after surgery to prevent scratching. After a recovery period of 1-2 d, lung tissue from a donor rat was minced and applied in the chamber. In previous experiments it was demonstrated using GFP-expressing graft tissue that the transplanted tissue revascularizes in 1-2 weeks with blood circulating through GFP-positive vessels of the original and not host tissue 53 . Also note that the mAPP is rat-specific and does not recognize mouse APP so that its positive reactivity with the endothelium confirms the rat tissue origin of the blood vessels.
For the lentiviral shRNA knockdown experiment, we used lentiviral transduction particles expressing either shRNA to rat caveolin-1 (MISSION shRNA TRCN0000008002, CCGGGACGTGGTCAAGATTGACTTTCTCGAGAAAGT CAATCTTGACCACGTCTTTTT; BLAST search showed highest homology to rat caveolin-1 for this sequence) or control shRNA to human caveolin-1 (MISSION shRNA TRCN0000007999, CCGGGCTTTGTGATTCAATCTG TAACTCGAGTTACAGATTGAATCACAAAGCTTTTT; BLAST search showed no significant homology to any rat gene for this sequence) 54 .
Intravital microscopy. Fluorescence microscopy was performed using a Mikron Instrument Microscope (Mikron Instrument) equipped with epiilluminator and video-triggered stroboscopic illumination from a xenon arc (X-400, PerkinElmer Optoelectronics). A silicon intensified target camera (SIT68, Dage-MTI) was attached to the microscope. A Hamamatsu image processor (Argus 20) with firmware version 2.50 (Hamamatsu Photonic System) was used for image enhancement. Video sequences were recorded to a computer using InterVideo WinDVR 3 to a computer equipped with an AllIn-Wonder RADEON 9800 PRO Video Card. A Zeiss Achroplan 4Â/0.10 objective was used to obtain an overview of the chamber to localize lung vessels. A Zeiss Achroplan 63X/0.9 W objective was used for capturing video sequences of vessels in the grafted lung tissue.
Analysis of intravital microscopy data. Canopus Procoder version 2.01 30.0 was used to convert video sequences into AVI format, and Adobe Premiere 6.5 was used to pseudo-color and edit the video sequences. Line profiles of fluorescence intensity of vessels of interest were obtained using Image_Pro Plus 5.1. The MPEG files were converted to AVI files using Canopus Procoder 2.0. Adobe Premiere 6.5 was used to reduce the number of frames to 200 for a 65 s interval. These sequences were then imported into ImagePro Plus 5.1, and rotated so that the vessel segment of interest was perpendicular to a horizontal thick line in the ''line feature'' in ImagePro Plus 5.1. The thickness of the line was chosen to be 5 mm. The signal intensity data of each line was imported into an Excel spread sheet which was imported into Matlab 7.0 to scale the dynamic range and then into SigmaPlot 2000 version 6.0 to scale colorimetrically and to create the graphic image. See Supplementary Methods online for details on image filtering.
Whole body c-scintigraphic planar and single photon emission computed tomography (SPECT) imaging. Antibodies were purified by Protein G chromatography (Pierce) and radiolabeled with 125 I using Iodobeads (Pierce) 14 . Anesthetized rats were injected via the tail vein with radiolabeled IgGs (5 mg; 10 mCi/mg) alone or in the presence of unlabeled competitor IgG (30-fold molar excess). At various times after injection, planar images were captured (rats positioned ventrally facing the collimator) using a parallel-plate collimator fitted onto the A-SPECT system (Gamma Medica) 55 . For tomographic imaging, images were captured in 61 increments for 64 frames (30 s/frame) using A-SPECT fitted with a parallel-plate or pin-hole collimator. For dynamic imaging, images were collected every second for 1 min. X-SPECT was used for coupling SPECT with X-ray CT imaging.
